Ca 2؉ signals, produced by Ca 2؉ release from cellular stores, switch metabolic responses inside cells. In muscle, Ca 2؉ sparks locally exhibit the rapid start and termination of the cell-wide signal. By imaging Ca 2؉ inside the store using shifted excitation and emission ratioing of fluorescence, a surprising observation was made: Depletion during sparks or voltage-induced cell-wide release occurs too late, continuing to progress even after the Ca 2؉ release channels have closed. This finding indicates that Ca 2؉ is released from a ''proximate'' compartment functionally in between store lumen and cytosol. The presence of a proximate compartment also explains a paradoxical surge in intrastore Ca 2؉ , which was recorded upon stimulation of prolonged, cell-wide Ca 2؉ release. An intrastore surge upon induction of Ca 2؉ release was first reported in subcellular store fractions, where its source was traced to the store buffer, calsequestrin. The present results update the evolving concept, largely due to N. Ikemoto and C. Kang, of calsequestrin as a dynamic store. Given the strategic location and reduction of dimensionality of Ca 2؉ -adsorbing linear polymers of calsequestrin, they could deliver Ca 2؉ to the open release channels more efficiently than the luminal store solution, thus constituting the proximate compartment. When store depletion becomes widespread, the polymers would collapse to increase store [Ca 2؉ ] and sustain the concentration gradient that drives release flux.
R
apid changes in intracellular cytosolic [Ca 2ϩ ] are required for signaling functions in many cell types (1) . These changes are achieved via Ca 2ϩ release through channels, ryanodine receptors (RyRs), which must open and close quickly. To increase its speed, gating of RyRs relies on effects of the permeant ion, including channel opening by elevated cytosolic [Ca 2ϩ ] (2) . In muscle, the desirable fast kinetic features are already present in its elementary signaling events, Ca 2ϩ sparks (3), which involve the nearly simultaneous opening (4) of a number of channels (5), followed by their synchronized closing (4) . Thus, this gating does not follow the usual Markovian rules for channels that evolve independently but requires timekeeping and synchronization (6) . In cardiac muscle, depletion of sarcoplasmic reticulum (SR) Ca 2ϩ is the likely timer of channel closing, and the substantial depletion that follows the cardiac beat (7) was imaged as ''blinks'' associated with Ca 2ϩ sparks (8) . The sensor that translates depletion into channel closing appears to be the main intra-SR buffer, calsequestrin (CSQ) (9) .
By contrast, in skeletal muscle, depletion associated with a twitch is only 8-15% (10) . This low rate of depletion reflects a SR with larger terminal cisternae containing higher concentrations of a CSQ of greater binding capacity, thus constituting a much greater calcium reservoir. Despite the greater store, sparks of skeletal muscle are even briefer and more stereotyped than in cardiac muscle, which casts doubts on the signaling role of depletion in skeletal muscle and elsewhere.
To ascertain the magnitude and role of Ca 2ϩ depletion, we combined shifted excitation and emission ratioing of fluorescence (SEER) imaging of [Ca 2ϩ ] in the SR, [Ca 2ϩ ] SR (11) with confocal imaging of cytosolic [Ca 2ϩ ] in frog skeletal muscle. First we sought images of the depletion associated with sparks, which we named ''skraps'' a priori, expecting mirror images of sparks. We had two surprises: Skraps did not mirror sparks but had their own suggestive kinetics. Also, cell-wide Ca 2ϩ release was often accompanied by increases in free intrastore [Ca 2ϩ ]. ] varied between 300 M and 1 mM in non-spark regions (10 cells). The circles in Fig. 1 A were placed by an automatic detector of sparks. Those in Fig. 1B mark the corresponding spatiotemporal locations in the R image. No depletion was evident to the eye at these locations. For every spark, the surrounding subarray within the image was extracted (dashed rectangle); their average is in Fig. 1C (numbers of cells and events averaged are given in the Table 1 ). Fig 1D is (12) and mag-indo-1 loads in mitochondria as well as SR (11) . When imaging in cells exposed to four inhibitors of mitochondrial Ca 2ϩ uptake ( Fig. 1 E and F) , the local increase in organellar [Ca 2ϩ ] was greatly reduced, and a small depression was found on the central ridge of increased [Ca 2ϩ ] at the time of the spark. The profiles of the normalized and filtered R(x, t) image are in Fig. 1 G and H. The decay in R (blue trace) started at the same time as the spark (red trace), reaching a nadir, down 0.6% from the starting value after an interval of Ϸ45 ms. The recovery had a time constant of 48 ms.
Results
The skraps were defined better by replacing glutamate with sulfate in the solution, which widens sparks (as shown in Fig. 2 A) probably by recruitment of channels (13) . The local increase in organellar [Ca 2ϩ ] was not found in sulfate, irrespective of the presence of mitochondrial inhibitors (Table 1 ). This effect of sulfate supports a mitochondrial origin of the increase, because sulfate is not a substrate for mitochondrial metabolism. Fig. 2B is the average R image at the location of sparks in sulfate. The panel reveals a steady depression and a transient skrap (shown in Fig. 2 C-E) after normalization and filtering. In sulfate the nadir is deeper, reaching 1.5%, and the recovery time constant is 251 ms. Differences in parameter values of the skrap in reference solution versus sulfate solution are entirely explained by the greater spark amplitude reached in sulfate (Fig. 7 , which is published as supporting information on the PNAS web site).
The Delayed Onset of Skraps. The fractional change in ratio during skraps ranged from 0.006 (in reference solution) to 0.031 (in sulfate solution, in sparks of amplitude above the median), implying a reduction of [Ca 2ϩ ] by at most 7.4%. A depletion of this magnitude is consistent with current estimates of Ca 2ϩ current in a spark and Ca 2ϩ content of the SR. By contrast, the kinetics of depletion were truly unexpected in that the phase of increasing depletion lasted too long. The flux of Ca 2ϩ release underlying a spark (green trace in Fig. 2E ) estimated by the rate of production of signal mass (14) was essentially over by the time the spark peaked. Surprisingly, [Ca 2ϩ ] SR continued to decrease afterward, reaching nadir 50 ms later. ] SR fell from 980 to 900 M, which is consistent with a depletion of Ϸ8% of total SR Ca 2ϩ and within the range of earlier estimates of fractional release caused by an action potential (10) . As plotted in blue in Fig. 3 A Inset and C, [Ca 2ϩ ] SR continued to decrease for 30 ms after cessation of release, repeating in the cell-wide signal the delay observed locally. The average delay was somewhat briefer than in sparks, perhaps because the action potential synchronizes not just the beginning but also the termination of sparks (17) . Unlike skraps, cell-wide depletion did not visibly recover by 600 ms, which agrees with refilling times estimated by global photometry (18) . The faster recovery of single skraps suggests that local depletion is replenished by diffusion from neighboring SR regions. The same hypothesis justifies that smaller skraps recover more rapidly.
A depletion delayed with respect to the flux that causes it violates conservation laws unless Ca 2ϩ is released to the cytosol from a proximate source, distinct from the SR-luminal solution and therefore invisible to the monitoring dye. The evolution of [Ca 2ϩ ] SR upon stimulation of prolonged cell-wide Ca 2ϩ release revealed other properties of this proximate store.
Ca 2؉ Transients Inside the Cellular Store. Fig. 4 shows successive xy scans in one fiber. Fig. 4A, rows For skraps, amplitude (A) and full width at half magnitude (W) are measured at nadir; for sparks, amplitude and full width at half magnitude are measured at peak. Both inhibited conditions are in the presence of mitochondrial inhibitors, with the first inhibited condition in reference and the second in SO 4. "SO4, all" includes events in SO4 and SO4 inhibited. , time constant of recovery, RT, rise time; ttn, time to nadir; NA, not applicable. Fig. 5D . The evolution of the average R in mitochondrial areas (F in Fig. 5E 2ϩ compartment, which must be proximate (topologically close to the release channels), so that it constitutes the immediate source for release during a spark. The delayed depletion is then explained as flux from the SR lumen to reload Ca 2ϩ lost from the buffer during a spark. Our work offers no evidence for a specific chemical nature of this compartment, which therefore remains purely hypothetical. However, known properties of CSQ are intriguingly consistent with the biophysical features required to explain the present results.
In terminal cisternae of skeletal muscle, CSQ forms linear polymers, visible as a fibrillar network (21) . Bonds with triadin and junctin (22) place CSQ polymers near the luminal mouth of RyRs. Ca 2ϩ favors formation of these polymers and stabilizes them, occupying a layer where it is adsorbed rather than bound (20) . In this layer, Ca 2ϩ is able to diffuse laterally and should be readily deliverable to the open channels (20) . According to the properties of CSQ in aqueous solutions, this polymer-specific bound Ca 2ϩ could constitute the proximate store, evolving as illustrated in Fig. 6 : the rising phase of a spark (at time B in Fig.  6A ) is due to Ca 2ϩ release from CSQ polymers (Fig. 6B) ; this delivery should cause depolymerization, i.e., disassembly of the proximate store (Fig. 6C) ; continuing depletion afterward would reflect repolymerization and refilling of the proximate store (Fig. 6D ).
The [Ca 2ϩ ] SR transient during prolonged cell-wide release, reproduced in Fig. 6E , is explained likewise: Fig. 6F represents the resting situation (at times F in Fig. 6E ). In the well loaded SR, CSQ is polymerized (20) . During Ca 2ϩ release, [Ca 2ϩ ] SR will decrease near release sites, which should cause widespread depolymerization of CSQ (20) with loss of binding sites (20) and release of Ca 2ϩ to the SR lumen (Fig. 6G) . Ca 2ϩ release afterward will find a less buffered SR, resulting in rapid decay in [Ca 2ϩ ] SR and further depolymerization of CSQ (Fig. 6H) . Whether a net increase in [Ca 2ϩ ] SR is observed will depend on the balance between exit rate of Ca 2ϩ from CSQ and flux through release channels. From the present observations it appears that twitches in response to isolated action potentials only result in reduction of [Ca 2ϩ ] SR , whereas increases in [Ca 2ϩ ] SR require more prolonged stimulation of Ca 2ϩ release.
Advantages of a Dynamic Store. In 1968, Adam and Delbruck (23) proposed that ligand binding to cell surface receptors is enhanced by the two-dimensional diffusion that follows membrane adsorption of the ligands. This so-called reduction of dimensionality increases efficiency of diffusion (24) by a factor that may reach hundreds (25) . The ''perfect sink'' version of this theory (26) applies to delivery of ions to an open channel. Because CSQ polymers are linear structures, of one dimension, adsorption to them would involve further reduction of dimensionality and diffusion enhancement. Given this dimensional advantage, CSQ polymers would function as ''calcium wires,'' which efficiently deliver Ca 2ϩ to the channel mouth (20) . As we have found, depletion of the SR lumen is small, probably too small to convey the robust signal that closes channels to terminate sparks. This conclusion is especially obvious considering that depletion is only starting to develop at the time the channels close, at the peak of the spark (Fig. 6A) . However, depletion of the proximate store could mediate channel gating. Indeed, CSQ depolymerizes upon loss of bound Ca 2ϩ . This structural change could have gating effects via triadin or junctin, as represented in Fig. 6C by an altered triadin and a closed channel. In this view, the proximate store would not just improve delivery of Ca 2ϩ but also signal the channel to close after a set number of ions are delivered to it. Such an ''ioncounting'' device (first contemplated under different assumptions in ref. 27 ) should be especially useful with Ca 2ϩ , an ion with multiple signaling functions.
Finally, we have seen that under appropriate, albeit artificial, stimuli, the SR buffer may release bound Ca 2ϩ and cause a transient inside the SR. In the examples, these transients helped sustain the [Ca 2ϩ ] gradient that drives flux, thus delaying the effects of depletion under prolonged Ca 2ϩ release. Ca 2ϩ signaling is thought to be the role of membrane channels in cells and organelles (28) . The intrastore Ca 2ϩ transients demonstrated here suggest a different strategy, control of the driving force for Ca 2ϩ release through changes in conformation or the aggregation state of cellular buffers. Combined with the targeted delivery of Ca 2ϩ by linear polymers, local control of store [Ca 2ϩ ] by buffer aggregation could contribute to the specificity of the signals over wide-ranging scales of time, space, and Ca 2ϩ concentration.
Methods
Single semitendinosus muscle fibers of Rana pipiens were imaged. Frogs were decapitated under anesthesia, a procedure approved by Rush University's Institutional Animal Care and Use Committee. Muscles were incubated for 120 min at 18°C in Ringer's solution with 10 M mag-indo-1 acetoxymethyl (AM). Fiber segments were mounted, stretched under pins, and membrane-permeabilized with 0.002% saponin (29) or mechanically skinned before mounting. 
